The Notch signaling pathway regulates several distinct cellular programs that are indispensible for proper embryonic development and maintenance of adult tissue homeostasis. Among the various organs of the human body, the pathway has an important role in the bone microenvironment, managing cell-fate decisions in two bone-specific cells. Significantly, pathological activation of the Notch pathway in these cells by metastatic tumor cells promotes osteolytic colonization of the bone. Armed with this knowledge, disruption of the Notch pathway, and other bone microenvironment signaling components that facilitate Notch-mediated bone metastasis, may serve as a viable therapeutic intervention in this aggressive, incurable disease.
The Notch Signaling Pathway
The evolutionarily conserved Notch pathway is traditionally known for its ability to facilitate short-range signaling between neighboring cells, coordinating spatial and temporal regulation of cell fates during embryonic development. As such it has been implicated in specifying the development of several different tissues and organisms. 1 In a context-dependent manner, the pathway regulates a broad spectrum of fundamental processes and diverse cellular programs including proliferation, apoptosis, migration, growth and differentiation. Only recently has the pathway been appreciated for its role in the maintenance of adult tissues during postnatal life and aberrant activation in the pathogenesis of human diseases such as cancer.
The Notch pathway is activated when a signal-sending cell expressing a Notch membrane-bound ligand physically interacts with a signal-receiving cell expressing a Notch receptor. 2 Upon ligand binding, the transmembrane Notch receptor is cleaved sequentially, first by an extracellular matrix metalloprotease 3 and then by the transmembrane protease complex -secretase, releasing the Notch intracellular domain (N ICD ). 4, 5 After being liberated, N ICD translocates to the nucleus where it interacts with the DNA-binding protein CSL (Rbp-J in mice; CBF1 in humans), converting it from a transcriptional repressor to activator by recruiting cofactors such as Mastermind-like proteins. 6, 7 The most prominent targets of the Notch pathway include a set of basic helix-loop-helix factors of the hairy and enhancer of split (Hes) and Hes-related repressor protein (Hey) families. 8, 9 These transcription factors carry out Notch signaling functions, including maintenance of stem cells, specification of cell fate, differentiation, proliferation and apoptosis. 10
Notch Signaling in Bone Physiology
The Notch pathway regulates distinct cellular programs in individual cell types found in the bone microenvironment. For example, activation of the Notch pathway in murine stromal cells has been reported to promote osteoblast differentiation, either independently 11 or in a bone morphogenetic protein-dependent manner. 12 Of pathological importance, Notch signaling in prostate cancer cells was shown to confer osteogenic properties, a phenomenon known as osteomimicry, in an ERKdependent mechanism. 13 Conversely, loss-and gain-of-function experiments in transgenic mice demonstrated that Notch signaling directly inhibits osteoblast differentiation and indirectly influences osteoclast differentiation. 14, 15 These studies suggest a context-dependent role of Notch signaling in osteoblast function. 16 The pathway is also an important determinant of osteoclast maturation and function in the physiological setting. 16 -20 Osteoclasts are bone-resorbing, multinucleated cells that differentiate from monocyte or macrophage lineage precursors. Research has shown that Notch signaling prevents the differentiation of osteoclast precursors into mature osteoclasts REVIEW Notch signaling: mediator and therapeutic target of bone metastasis Notch signaling in bone metastasis N Sethi and Y Kang using primary bone marrow macrophages. 18 Cell culture studies showed that Notch signaling desensitizes bone marrow macrophages to osteoclastogenic cytokines. Bone marrow macrophages were isolated from transgenic mice with functional loss of Notch1, Notch2 and Notch3 (individually or in combination) or control mice and cultured with increasing amounts of macrophage colony-stimulating factor and / or RANKL. At lower concentrations of macrophage colony-stimulating factor or RANKL, there were a significantly higher number of osteoclasts that developed from bone marrow macrophages isolated from Notch-deficient transgenic mice relative to controls. These earlier studies also found that osteoclast differentiation in Notch-deleted osteoclast precursor cells led to a functional increase in their capacity to breakdown bone in vitro and in vivo . 18 In contrast, another group showed that Jagged1mediated Notch2 signaling can promote RANKL-mediated osteoclast activation. 19 These controversial results support, once again, a potential context-dependent role for the Notch pathway in osteoclastogenesis. Another aspect of the bone microenvironment that is influenced by Notch signaling is the hematopoietic stem cell niche. Jagged1 expressed by osteoblasts was shown to regulate the expansion of hematopoietic stem cells in the bone microenvironment through Notch signaling. 20 Interestingly, Jagged1 expression by osteoblasts has been shown to be regulated by parathyroid hormone signaling, a pathway that is also co-opted in pathological bone metastasis. Further research in the area of the Notch pathway and bone homeostasis is necessary to define additional molecular mediators and physiological contexts that implicate Notch signaling in the hematopoietic stem cell niche.
Pathological Role for Notch Signaling in Bone Metastasis
Physiological activation of the Notch pathway is carried out with calculated accuracy and under precise regulation to prevent inappropriate signaling, the hallmark of pathological scenarios involving the pathway. The etiology of pathological Notch signaling can be underlying genomic mutations, as was revealed in T-cell acute lymphoblastic leukemia in which 50 % of patients were shown to harbor activating mutations in Notch1. 21, 22 The mechanism of cancer development in these scenarios is through cell-autonomous pathway activity within the tumor cells. Beyond tumorigenesis, cell-autonomous Notch signaling has been implicated in cancer progression. In a prominent example, the pathway regulates the epithelial-to-mesenchymal transition, a highly conserved cellular program that confers mesenchymal features, such as migratory capacity, to epithelial cells during development and tumor cells during cancer invasion. Several factors have been shown to participate in Notch-mediated epithelial-to-mesenchymal transition, such as transforming growth factor beta (TGF-) signaling, 23,24 -catenin activity, 25 the transcription factor Slug 26 and most recently hypoxia. 27, 28 Intriguingly, Notch pathway has also been known to be crucial for the regulation and maintenance of both normal stem cells and cancer stem cell. 29 -31 For example, in normal mammary gland, Notch1 activation directs the differentiation of the luminal cell lineage, whereas Notch4 activity is important to maintain stem and progenitor cells. 32 -35 In breast cancer, Notch 4 was shown to be hyperactive in breast cancer stem cells and inhibition of Notch 4 signaling significantly reduced tumor growth. 31 On the basis of these findings, Notch pathway inhibitors are currently being tested in clinical trials based on their hypothesized role in maintaining CSCs. 29 Despite these examples, we are yet to discover the mechanism of Notch signaling activation in solid tumors as, unlike acute T lymphoblastic leukemia, there is little evidence of underlying genomic mutations in patients.
Alternatively, the Notch pathway can be activated by aberrant environmental signaling cues. Broadly speaking, these conditions for Notch activation often depend on non-cell autonomous signaling through ligand-dependent mechanisms. In head and neck squamous carcinoma, activation of the mitogen-activating protein kinase pathway by various growth factors inappropriately induces Jagged1 levels, which in turn promotes Notch signaling in associated endothelial cells and ultimately results in tumor-driven angiogenesis. 36 Furthermore, our group 37 recently uncovered another mechanism by which aberrant signaling factors from the bone microenvironment can facilitate breast cancer metastasis to the bone through the actions of Notch signaling ( Figure 1 ). TGF-is sequestered in the bone matrix during bone formation, and often times released in response to bone degradation, a process that is largely at play during osteolytic bone metastasis. 38 We found that bone-derived TGF-aberrantly upregulates Jagged1 levels in breast cancer cells via the SMAD4 canonical signaling axis. Even more telling, enforced expression of Jagged1 in SMAD4-knockdown breast cancer cells, which are severely impaired in their ability to form productive osteolytic bone metastases due to defective TGF-signaling, 39, 40 restored the bone metastasis-promoting faculties of these malignant cells, establishing Jagged1 as a critical mediator of TGFsignaling in bone metastasis.
Of clinical importance, elevated expression of Jagged1 was associated with an increased incidence of breast cancer relapse and bone metastasis in two independent patient data sets. Functional studies in mice showed that Jagged1expressing breast cancer cells promoted bone metastasis by Notch signaling in bone metastasis N Sethi and Y Kang activating the Notch signaling pathway in bone-specific cells. In particular, Jagged1-mediated activation of the Notch pathway in osteoblasts conferred a growth advantage to bone metastatic tumor cells. Further mechanistic investigation revealed that the proliferation-inducing mediator was interleukin (IL)-6, which was transcriptionally activated and subsequently secreted by osteoblasts in a Notch-and Hey1-dependent manner. Interestingly, activation of other developmental pathways in osteoblasts has also shown to promote bone metastasis. Recently, paracrine Sonic Hedgehog signaling by prostate cancer cells was shown to promote bone metastasis by inducing osteoblast differentiation through a Gli1-dependent mechanism. 41 Jagged1-mediated bone metastasis also demonstrated a severe osteolytic phenotype in mice, suggesting a potential effect of tumor-derived Jagged1 on osteoclastogenesis. Coculture experiments between Jagged1-expressing tumor cells and primary bone marrow cells demonstrated a strong induction of osteoclastogenesis. Although one could have postulated a possible indirect mechanism through osteoblast-dependent regulation of RANKL and osteoprotegerin signaling, the results showed a potent impact of Jagged1 on osteoclastogenesis by directly engaging pre-osteoclasts. More definitively, the direct application of recombinant Jagged1 protein to pre-osteoclasts demonstrated a strong upregulation of osteoclast maturation, which was unequivocally confirmed by transcriptional profiling of osteoclast differentiation markers. Integrating these findings, it appears that tumor-derived Jagged1 directly engages Notch pathway in pre-osteoclasts, promoting their differentiation into mature, multinucleated osteoclasts, a mechanism that can explain the severe osteolytic phenotype observed in Jagged1-mediated bone metastasis.
Outside the bone, a role for the Notch pathway in the tumorassociated stroma has also been shown to facilitate cancer progression. For example, activation of the Notch pathway in endothelial cells supports tumor neovascularization and angiogenesis in head and neck squamous cell carcinoma. 36 Similarly, Delta-mediated Notch signaling was shown to facilitate tumor angiogenesis by maintaining the sprouting integrity of the developing tumor vasculature. 42
Targeting the Notch Pathway and Associated Mediators in the Treatment of Bone Metastasis
Ultimately, the molecular mechanisms underlying Notch signaling in bone metastasis inform new directions for therapy in patients with metastatic cancer involving the bone. The prometastatic functions of Notch signaling activation in the bone microenvironment begged the question of whether inhibition of the pathway in the stroma could reduce bone metastasis.
-Secretase inhibitors potently disrupt the Notch pathway and are gaining popularity as they have shown anticancer potential, 43 although its role in targeting the tumor-associated stroma has only recently been explored. 37 Treatment by -secretase inhibitors reversed the bone metastasis-promoting functions of Jagged1 by disrupting the Notch pathway in bone stromal cells. Gene expression analysis of bone metastases demonstrated that -secretase inhibitor-treated mice displayed a downregulation of Notch target genes in the stromal but not in the tumor compartment. Overall, the results revealed a stromal-dependent mechanism for the Notch pathway in supporting tumor outgrowth in the bone and suggest that targeting the Notch pathway in the tumor-associated stroma may improve treatment for breast cancer bone metastasis.
Importantly, other mediators and regulators were shown to support Notch signaling in bone metastasis. First, Jagged1 was shown to be upregulated in bone metastatic breast cancer cells and is an ideal target for monoclonal antibody therapy as it is a cell-surface protein. Of significance, monoclonal antibodies targeting Delta-like 4, another Notch pathway ligand, were shown to disrupt tumor growth demonstrating the potential therapeutic benefit of targeting Notch signaling ligands. 42 Second, TGF-signaling has been targeted by therapeutic agents currently being tested in clinical trials 39, 46 and would be a candidate pathway to disrupt in combination with Notch signaling in the treatment of breast cancer bone metastasis. Third, the cytokine IL-6 is released by osteoblasts in response to Jagged1-mediated bone metastasis and a potential therapeutic target. Importantly, IL-6 is associated with a poor prognosis in breast cancer 45, 46 and is capable of supporting tumor growth in both autocrine-and stromal-dependent mechanisms. 47 -49 In neuroblastoma 47 and multiple myeloma, 50 stromal-derived IL-6 has been shown to be an important mediator between cancer cells and the bone microenvironment by supporting tumor survival and affecting osteoclast differentiation, respectively. Considering these collaborating findings, the pathological function of IL-6 should also be targeted in the treatment of bone metastatic disease. Tocilizumab is a humanized monoclonal antibody against IL-6 receptor, which is approved to be used as an immunosuppressive drug for the treatment of rheumatoid arthritis. Additional inhibitors of IL-6 and its downstream Jak-Stat pathways are also actively under clinical development. It is imperative to design appropriate clinical trials to test the therapeutic effect of these agents for the treatment of bone metastasis, either alone or in combination with other inhibitors targeting the cross-talk between tumor and bone stromal cells.
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